It is unclear what impact obesity has on the progression of knee osteoarthritis (OA) from diagnosis to knee replacement surgery. This study was undertaken to examine the relative risk of knee replacement surgery in overweight and obese patients who were newly diagnosed as having knee OA in a community setting.
Objective.
It is unclear what impact obesity has on the progression of knee osteoarthritis (OA) from diagnosis to knee replacement surgery. This study was undertaken to examine the relative risk of knee replacement surgery in overweight and obese patients who were newly diagnosed as having knee OA in a community setting.
Methods. Subjects were selected from the Information System for Development of Primary Care Research database, which compiles comprehensive clinical information collected by health care professionals for >5.5 million people in Catalonia, Spain (80% of the population). Patients newly diagnosed as having knee OA in primary care between 2006 and 2011 were included. Knee replacement was ascertained using International Classification of Diseases, Ninth Revision, Clinical Modification codes from linked hospital admissions data. Multivariable Cox regression models were fitted for knee replacement according to body mass index (BMI), and were adjusted for relevant confounders. Population proportional attributable risk was calculated.
Results. A total of 105,189 participants were followed up for a median of 2.6 years (interquartile range 1.3-4.2). Of these patients, 7,512 (7.1%) underwent knee replacement. Adjusted hazard ratios and 95% confidence intervals (95% CIs) for knee replacement for the World Health Organization BMI categories were 1.41 (95% CI 1.27-1.57) for overweight, 1.97 (95% CI 1.78-2.18) for obese I, 2.39 (95% CI 2.15-2.67) for obese II, and 2.67 (95% CI 2.34-3.04) for obese III compared to normal weight. The effect of BMI on risk of knee replacement was stronger among younger participants. The population attributable risk of obesity for knee OA-related knee replacement was 31.0%.
Conclusion. Overweight and obese patients are at >40% and 100% increased risk of knee replacement surgery, respectively, compared to patients with normal weight. This association is even stronger in younger patients. Weight reduction strategies could potentially reduce the need for knee replacement surgery by 31% among patients with knee OA.
Osteoarthritis (OA) contributes to the global health burden due to pain and disability, the cost of treatment, and loss of work (1) . The prevalence of knee OA, particularly, has been predicted to rise sharply in the future due to the aging population and the ongoing obesity epidemic (2) (3) (4) . Knee replacements are a common surgical option for joint failure from end-stage disease combined with pain and/or functional limitations. Surgery is expensive (costing £7,458 per patient in England for surgery alone), and ;20% of patients are not satisfied 1 year after surgery (5-7).
Known risk factors for progression of incident and progressive knee OA include both biomechanical and systemic/genetic factors. Local, joint-specific risk factors include abnormal joint loading, knee alignment, trauma, and obesity (8) (9) (10) (11) , and systemic factors include age, sex, ethnicity, and nutrition (3, 8, (12) (13) (14) (15) . Factors that have been specifically linked to progression in subjects previously diagnosed as having OA include knee alignment, low vitamin D and C levels, and obesity (11, (16) (17) (18) (19) .
Obesity is an established risk factor for both the development and progression of knee OA, although some conflicting results have previously been reported in population-based studies (11, 16, (18) (19) (20) (21) . Cooper et al (16) found that subjects in the highest body mass index (BMI) tertile had 18.6 times the risk of incident radiographic OA compared to the lowest tertile, although BMI was not found to be a significant indicator of radiographic OA progression. Similar results were found in a population at high risk of OA, with subjects in the highest obesity group having an increased risk of radiographic OA, with a relative risk (RR) of 3.2 (95% confidence interval [95% CI] 1.7-5.9), but that study found no association between obesity and risk of progression (22) . High BMI was found to be significantly associated with joint space narrowing in several studies (18, 19) . Obese subjects have also been found to be at increased risk of severe incident pain (RR 2.8 [95% CI 1.8-4.5]) (20) . Obesity has been associated with an increased risk of surgery in a community population (23, 24) . Having a high BMI has been identified as a factor in reducing the mean age at which surgery is required (25) as well as increasing the expense of and complications after surgery (26, 27) . Coggon et al (28) found a significantly increased risk of knee surgery in obese subjects in a case-control study of UK-based subjects, where cases were identified on a surgery list and matched to non-OA patients. Weight reduction strategies have been shown to reduce functional limitations due to OA in a randomized controlled trial (29) .
Understanding the effect of obesity on the risk of progression to end-stage disease is clinically important, since it is one of the few modifiable risk factors for knee OA. Although some data have shown its effect on incidence and progression, to our knowledge there are no studies showing the effect of obesity on the risk of knee replacement in a population with incident knee OA. The use of an incident population provides a more homogenous patient sample which should exclude patients with well-established symptomatic knee OA, compared to a prevalent baseline sample. It will also add useful information regarding the clinical pathway for knee OA. This study examines the association between being overweight or obese and the risk of knee replacement surgery in a large population-based study of patients newly diagnosed as having knee OA.
PATIENTS AND METHODS
Data source. Subjects were selected from the Information System for Development of Primary Care Research (SIDIAP) database (www.sidiap.org), which comprises clinical information collected by primary care professionals, pharmacy records, and hospital admissions. The database includes information on .5.5 million people in Catalonia, Spain (;80% of the population) (30) .
Study design and population. A population-based cohort study was conducted. All patients registered in SIDIAP who had an incident diagnosis of knee OA (International Statistical Classification of Diseases and Related Health Problems, Tenth Revision [ICD-10] code M17) between 2006 and 2011 were eligible. Subjects with a history of knee OA or replacements in either knee before January 1, 2006 were excluded from the study. Subjects with a history of inflammatory arthritis at any time point during the study and those with no recorded information on BMI were excluded in the primary analysis. OA diagnosis has previously been validated in the . This was defined as the main study exposure.
Knee replacement surgery (study outcome). Hospital admissions for an elective knee replacement were identified from the official regional hospital admissions database (Registre de Conjunt M ınim B asic de Dades, Divisi o de Registres de Demanda i d'Activitat, Area de Serveis i Qualitat, Servei Catal a de la Salut), which contains information on diagnoses and procedures for each hospital admission for all of the public hospitals in the region of Catalonia. After successful deterministic linkage of all of the study participants to this database using unique Catalan National Health System identifiers, we screened the hospitalizations database for the ICD-9-CM procedures code 81.54 ("Total knee replacement: Bicompartmental, Tricompartmental or Unicompartmental") to identify knee replacement surgeries. The first knee replacement date (closest to the date of diagnosis of knee OA) in the study period was the study outcome.
Confounders. The potential confounders identified a priori for this analysis were age, sex, smoking, alcohol consumption, Charlson comorbidity index (33), hip OA, polyarticular OA, and socioeconomic status. Self-reported smoking was recorded as former, current, or never. Alcohol use was divided into 3 categories based on units consumed per week: none/mild, moderate, and severe. Hip OA and polyarticular OA were recorded as present if a subject had specific ICD-10 codes recorded by their GP for hip OA (M16) or for polyarticular OA (M15). The Charlson comorbidity index was calculated using a validated algorithm (33) . Socioeconomic status was evaluated using the MEDEA socioeconomic deprivation score (34) , which was divided into quintiles for the analysis.
Statistical analysis. Multivariable Cox regression models were fitted to model the time from incident knee OA diagnosis to knee replacement surgery, and to estimate hazard ratios (HRs) according to the index BMI, using normal weight as the reference group. These models were adjusted for prespecified potential confounders, including age, sex, smoking, alcohol consumption, Charlson comorbidity index (33), hip OA, polyarticular OA, and socioeconomic status. A priori interac- tions for age and sex were tested, and the median age of the population was used to categorize subjects into younger and older age categories. Missing values for socioeconomic status, smoking, and alcohol drinking were imputed using multiple imputation with chained equations for the primary analysis (35) . There were no missing values for the other confounders.
In a secondary analysis, Cox regression models using multiple imputation with chained equations were used in order to check for potential bias introduced by the missing index BMI values. Ten data sets with imputed BMI values as well as other missing variables were produced based on all available covariates, the outcome, and the Nelson-Aalen estimator of the baseline hazard. Due to a significant interaction with age being identified during the analysis, a post hoc analysis was performed repeating the secondary analysis using age instead of follow-up time to knee replacement as the time scale. This was done in order to produce age-specific HRs for each BMI group.
Population proportional attributable risk was calculated using the standard formula (36) and the reported population statistics from the EPISER study, a random age-and sexstratified health survey representative of the entire Spanish population, which found a 41.3% prevalence of obesity in a population of patients with knee OA in Spain (ref. 37 and Carmona L: personal communication). All analyses were performed using Stata version 12.0 for Mac and version 13.0 for Windows.
RESULTS
A total of 127,329 subjects were diagnosed as having incident knee OA during the study period. After exclusion for a history of inflammatory arthritis, 122,633 were eligible for the analysis (Figure 1 ). At least one BMI measurement was recorded for 105,189 (86%) of the 122,633 patients, and these patients became the primary study population. The demographic characteristics of subjects with and those without baseline BMI measurements are shown in Table 1 . 
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Participants were followed up for a median of 2.6 years (interquartile range 1.3-4.2). During this time, 7,512 (7.1%) of these subjects underwent knee replacement surgery, equivalent to an annual incidence rate of 2.46 per 100 person-years (95% CI 2.39-2.50).
Baseline characteristics of the study participants who underwent knee replacement and those who did not undergo knee replacement during the follow-up period are shown in Table 2 . Participants who underwent knee replacement surgery were on average older and more likely to be female, obese, and to have polyarticular OA. Conversely, those undergoing knee replacement were less likely to be smokers or severe alcohol drinkers, and had a lower Charlson comorbidity index.
The risk of knee replacement increased with BMI, with unadjusted incidence rates of surgery ranging from 1.35 per 100 person-years (95% CI 1.22-1.48) in patients with a normal weight to 3.49 per 100 personyears (95% CI 3.20-3.80) in patients whose weight was categorized as obese grade III (Figure 2A and Table 3 ). Corresponding adjusted HRs were 1.41 (95% CI 1.27-1.57) for overweight, 1.97 (95% CI 1.78-2.18) for obese I, 2.39 (95% CI 2.15-2.67) for obese II, and 2.67 (95% CI 2.34-3.04) for obese III compared to normal-weight patients (Table 3) .
A sensitivity analysis that included subjects with missing index BMI values using imputed BMI values showed very similar results to the main study findings. Adjusted HRs for the association between BMI and risk of knee replacement were 1.40 (95% CI 1.26-1.54), 1.93 (95% CI 1.75-2.13), 2.36 (95% CI 2.12-2.62), and 2.67 (95% CI 2.36-3.02) for overweight, obese I, obese II, and obese III, respectively. A significant interaction between BMI and age on the risk of knee replacement (P , 0.001) was found ( Figure 2B) Kaplan−Meier estimates A B Figure 2 . Effects of body mass index (BMI) and age on the risk of knee replacement. A, Unadjusted Kaplan-Meier estimates showing the predicted unadjusted cumulative probability of knee replacement according to BMI in subjects newly diagnosed as having knee osteoarthritis (OA). GP 5 general practitioner. B, Effect of the interaction between BMI and age group on the risk of future knee replacement. Circles show the adjusted hazard ratio; error bars show the 95% confidence interval (95% CI). An analysis of population proportional attributable risk using the Spanish EPISER population prevalence data (41.3% obesity in subjects with clinical knee OA) showed that the need for knee replacement would be reduced by 31.0% if patients moved from the obese BMI category into the normal or overweight category, assuming a direct causality between BMI and progression to knee replacement (ref. 37 and Carmona L: personal communication).
DISCUSSION
In this cohort of .100,000 patients with an incident diagnosis of knee OA in primary care, 2.5% required a knee replacement each year. This study demonstrated that index BMI (at the time of diagnosis of knee OA) was predictive of knee replacement, with a 40% increased risk in overweight patients, and an almost 2.7-fold higher risk in patients whose weight was categorized as obese III compared to patients of normal weight. This association was independent of age, sex, lifestyle factors (smoking and alcohol drinking), socioeconomic status, and comorbidities. The observed association was even higher in younger patients (,68 years old), with a 64% increased risk in the overweight group, and an almost 4.5-times higher need for knee replacement among patients whose weight was classified as obese III compared to those of normal weight. According to these data, the need for knee replacement in the population of patients recently diagnosed as having knee OA could be reduced by .30% if none of the subjects affected were obese.
Both mechanical and metabolic pathways have been suggested for the effect of obesity on incidence and progression of OA (11, 38) . Mechanical loading can be exacerbated by local factors, such as alignment, which may explain differences in prevalence rates for hip and knee OA (11) . Metabolic factors such as hyperlipidemia or hyperglycemia, which are linked to inflammation, play a role in the effect of obesity on the onset of knee OA, and might also be involved in the progression to end-stage disease (39) (40) (41) .
In studies using general population cohorts (not specifically diagnosed as having OA), obesity (defined as a BMI of $30 kg/m 2 ) was associated with a 10-fold higher risk of knee replacement (24) , and a relative risk of 2.4 (95% CI 2.0-2.8) for the need for surgery based on pain, function, and clinical assessment (23) . A Swedish study found similar results using a lower BMI cutoff ($25 kg/m 2 ), with an RR of 6.9 for women and 4.4 for men compared to subjects with a normal BMI (42) . In studies using the Canadian joint registry, overweight subjects (BMI of 25.0-29.9 kg/m 2 ) were found to have a 3.2-fold risk of knee replacement, with up to an 18.7-fold risk in subjects classified as obese group II (BMI 35.0-39.9 kg/m 2 ) compared to subjects with a normal BMI (#25.0 kg/m 2 ) (43). However, all of those studies aggregated the effect of obesity on both incident knee OA onset and knee surgery and failed (or did not attempt) to disentangle the impact of being overweight or obese on progression to joint failure following a diagnosis of knee OA.
Previous studies of obesity and progression have produced mixed evidence, with only a few significant associations found, but primarily borderline or no significant ) were a mean of 13 years younger than patients with a normal BMI (25) . This result is consistent with the findings of the present study showing a stronger effect size of surgery in younger patients. A post hoc analysis, producing age-specific HRs, showed slightly higher results than the original analysis for subjects in the overweight, obese group I, and obese group II categories. In a case-control study of OA patients listed for surgery, Coggon et al calculated that 23.6% of knee replacements might be avoided if all overweight/obese patients reduced their weight by 5 kg or until their BMI was in the normal range (28) . Weight reduction strategies have been shown to improve function in older patients with symptomatic knee OA. Miller et al (29) found that subjects following a strict calorie-controlled diet and exercise program showed a mean 8.7% loss in body weight over 6 months and had significantly higher self-reported physical function than the control group at follow-up (29) .
Potential limitations of this study include the lack of individual validation of exposure or events. Nevertheless, SIDIAP has been widely used for the study of the epidemiology of OA in the past, and it has been shown to collect reliable information on the coding of this disease (32, 44) . The use of knee replacement as a marker of joint failure has several limitations, e.g., indications for surgery often include aspects of both structural and pain and/or functional limitations, as well as health care planning and GP/surgeon decisions. A knee replacement also implies a willingness to have surgery (45) . However, knee replacement is a very relevant outcome in terms of health care resource use and patients' quality of life, two undeniably important aspects of the care of patients with knee OA. An additional limitation was that due to the small number of underweight subjects, they were included in the normal BMI group for the analyses. A potential bias exists due to missing index BMI data (for 14.2% of subjects); however, a sensitivity analysis using multiple imputation showed no significant difference from the primary complete case analysis, suggesting a low risk of selection bias.
In the calculation of population proportional attributable risk, the underlying assumption is that BMI is causally associated with progression to knee replacement, and that there is no unmeasured confounding or bias in the exposed and unexposed subjects. BMI is one of the strongest risk factors for knee OA progression and has strong causal evidence. Both the prevalence data and risk (HR) used to calculate the attributable risk were derived from comparable populations.
The strengths of this research include the nature of the data, since SIDIAP contains data collected in routine practice conditions, minimizing potential sources of observer bias and Hawthorne effect. In addition, it covers .80% of the local population, making this study population very representative. The use of an incident population provides a more meaningful interpretation of the results of our study, by helping clarify part of the clinical pathway by examining the time from diagnosis of disease by a GP to the need for surgery in this patient population. These data are also rare in that they combine primary care record and hospital admission information for all study participants.
The present study showed a higher HR in younger patients (median age of ,68 years) for surgery compared to older patients. There are several possible explanations for this result. The first is that younger patients are becoming obese earlier in life, which is shifting the progression of knee OA earlier in life, and possibly the speed of progression. Due to the relatively short follow-up time (median 2.6 years), we may be identifying more patients with quickly progressing disease, who may be younger. Another possible explanation is that this is the result of a cohort effect between the older and younger patients, either due to a "healthy" patient effect, where older patients have other and more complex comorbidities in addition (and possibly related) to their obesity, a variation of health-seeking behaviors between age groups, or differences specifically related to willingness to undergo surgery (45) .
Our findings demonstrate that being overweight or obese is a strong independent predictor of the clinical progression of knee OA, from disease onset/diagnosis to joint failure and subsequent knee replacement. Overweight subjects have a .40% increased risk of surgery, and obese subjects have a more than doubled risk when compared to subjects of normal weight. Although being overweight or obese at the time of diagnosis by a GP is a significant risk factor for knee replacement, this should not be confused with the reported great benefit that overweight and obese patients derive from surgery once they have progressed to end-stage disease (46) . This relative risk is much higher in younger subjects. Knee replacement surgeries could be reduced by 31% in the Spanish population if patients were not in the obese BMI range. These results could encourage patients recently diagnosed as having knee OA to lose weight, as well as inform future trials on the effect of a weight reduction program on the progression of knee OA.
